Haemagglutination by Type SAT 2 Foot-and-Mouth Disease Viruses
(Accepted I5 February I973) Foot-and-mouth disease (FMD) viruses are acid-labile picornaviruses and are grouped into seven immunological types designated O, A, C, SAT I, SAT 2, SAT 3 and Asia I (Brooksby, I958) . Virus strains within each type are further classified into subtypes on the basis of serological tests (Brooksby, i952 ) .
Whereas several picornaviruses are known to haemagglutinate, including Coxsackie viruses (Goldfield, Srihongse & Fox, I957) , ECHO viruses (Goldfield et al. I957; Lahelle, 2958) , bovine picornaviruses (Moscovici & Maisel, I958), encephalomyocarditis viruses (Craighead & Shelokov, 296I) the GD VII strain of mouse encephalomyelitis virus (Lahelle & Horsfall, I949) and human rhinoviruses (Stott & Killington, I97z) , this property has so far not been demonstrated conclusively with FMD viruses. Michelsen and colleagues (Michelsen, I949; I949; Michelsen & Bachrach, I95o) have reported that rat erythrocytes are agglutinated by the vesicular fluid of guinea pigs infected with type O, A, and C viruses, but this finding has not been confirmed (Singh, Bansal & Malik, 2968) . The present communication describes direct haemagglutination of guinea pig erythrocytes by strains of FMD virus type SAT 2.
Haemagglutination titrations were carried out as follows: o'o5 ml serial two-fold dilutions of antigen were mixed with an equal vol. of a guinea pig erythrocyte suspension (o'23 %) and incubated at 37 °C. One H.A.U. was read as the highest dilution of antigen giving a pattern of complete or near-complete agglutination. The diluent used for both haemagglutinin and erythrocytes was either dextrose-gelatine-veronal, pH 7"2 (Work, 2964), containing o. I ~o crystallized bovine plasma albumin (Armour Pharmaceutical Co. Ltd.) or the phosphate-buffered saline (PBS) solution of Dulbecco & Vogt 0954), pH 7.2, supplemented with o'9 m~-Ca 2+, o'5 mM-Mg ~+ and o.I % bovine plasma albumin.
Haemagglutinins of type SAT 2 FMD viruses were first demonstrated in the medium of infected BHK 2I cell cultures (Table ~) . No haemagglutination was detected with virus strains of type O, A, C, SAT I, SAT 3 or Asia I even after concentrating the antigens 4o-fold by centrifuging. Moreover, this failure to haemagglutinate was not due to an insufficiency of antigen in the preparations because, in general, their complement-fixing activity was similar to that found in type SAT 2 virus concentrates (Table 0 . Haemagglutination was demonstrated also with concentrated supernatant fluids of primary bovine thyroid cell cultures infected with type SAT 2 virus strains, the inoculum in each case consisting of plaque-purified virus that had been passaged only in these cells following isolation from field material. These results, in conjunction with Table r, indicated that haemagglutination was a specific property of type SAT 2 viruses and was not due to a contaminant of the tissue culture cells or the virus inocula.
As well as the I4oS virus particle, tissue culture harvests of FMD viruses have been shown to contain a non-infective 75S component (Graves, Cowan & Trautman, 2968 ) and antigens which sediment at I2S and below (Cowan & Graves, 2966) . After centrifuging crude SAT 2 UGA 6•7o virus under conditions known to deposit virus and 75S particles, 34 % of the original complement-fixing antigen activity remained in the supernatant fluid but only 2 to 4 % of the infectivity and haemagglutinin, thereby demonstrating that the slowly sedimenting virus antigens were not effective haemagglutinins. Treatment of the sedimented material with 1% (v/v) Nonidet P4o followed by centrifuging in a I5 to 45% continuous sucrose gradient revealed that haemagglutinin activity was associated only with virus particles and non-infective particles sedimenting at about 8oS ( Fig. 0 . Similar results were obtained with the strains SAT 2 RHO 1/48 and SAT 2 SWA I/69. It was observed from the results presented in Table I that type SAT 2 strains appeared to differ in their haemagglutinating efficiency. Thus, the ratio H.A.U./units of complementfixing antigen activity with SAT 2 RlaO 1/48 and SAT 2 SWA 1/69 was 0.25 and 0"5, respectively, whereas with SAT z UGh 6/7O it was 8"o. Further confirmation of this strain difference was obtained when specific activities of purified virus haemagglutinins were determined relative to the complement-fixing antigen activity, the infectivity and the weight of virus (Bachrach, Trautman & Breese, I964) for all three strains ( Table 2 ). The corresponding values for SAT 2 RHO 1/48 and SAT2 SWA 1/69 were significantly smaller than for SAT 2 UGA 6/70.
Haemagglutinins prepared in both BHK21 and primary bovine thyroid cells were specific for type SAT 2 in haemagglutination-inhibition tests with hyperimmune guinea pig sera (Table 3) Studies on the properties of the haemagglutination reaction showed that erythrocytes from different individual guinea pigs did not vary significantly in susceptibility to agglutination and, moreover, that equal titres were recorded with the two haemagglutination test diluents described earlier (Table 4) . However, haemagglutination was found to be markedly dependent on magnesium, for antigen titrations in PBS containing only Mg ~+ or both Ca 2+ and Mg 2+ gave identical results whereas no activity was detected in PBS alone and after the addition of Ca ~+ (Table 4 )-The lowest concentration of Mg 2+ required for optimal haemagglutination was determined by titrating virus antigens in PBS supplemented with O-Ol to 2"5 mM amounts of MgC12 and found to be o'3 mM for all three SAT 2 strains tested (Fig. 2a) .
Haemagglutination was also affected by hydrogen ion concentration; titrations in PBS solutions containing o. 5 mM-Mg 2+ and ranging in pH from 6"o to 8"4 showed maximal sensitivity at pH 7"o and above (Fig. 2b) . Retesting of all the concentrated antigen preparations listed in Table I at pH 6.o to 8. 4 did not reveal haemagglutination by FMD viruses other than the three type SAT a strains already described. The influence of temperature on haemagglutination was not critical, as identical titres were recorded with all three virus strains when tests were incubated at 4 °, 18 ° or 37 °C. PBS, +0"5 mM-Mg 2+ 8 t28 256 < 2 PBS, +0"9 mM-Ca 2+ < 2 < 2 < 2 < 2 PBS < 2 < 2 < z < z * Each diluent contained o.1% bovine plasma albumin: pH --7'2. FMD virus infectivity is inactivated by exposure to acid conditions or by heating at 56 °C and in each case the virus is disrupted to release ribonucleic acid and capsid sub-units (Randrup, 1954; Brown & Crick, 1958; Bachrach, 1961 ; Brown & Cartwright 196 i) . Trypsin also reduces FMD virus infectivity (Brown, Cartwright & Stewart, ] 963) by modifying the surface structure of the virus particle (Wild & Brown, ] 967). Exposure of purified SAT 2 UGA 6/7o virus to pH 6-2 for ] h at I8 °C, or to 56 °C for 30 min at pH 7"0, inactivated both haemagglutinin and infectivity (Table 5) . Similar results were obtained when the virus was incubated at 37 °C for ] h with ] mg/ml crystallized trypsin (Armour Pharmaceutical Co. Ltd.) then separated from the enzyme by sucrose gradient sedimentation (Table 5) .
Studies on the erythrocyte receptor for the virus haemagglutinin showed that it was unaffected by treatment with receptor destroying enzyme. However, erythrocytes treated with trypsin were not agglutinated by type SAT 2 viruses indicating that protein is an It is evident that the properties of the haemagglutination reaction with type SAT 2 FMD viruses are markedly different from those of the encephalomyocarditis viruses (Craighead, 1965; Craighead & Shelokov, I961 ) and the human rhinoviruses (Stott & Killington, 1972 ) . In the first place, the most striking property of type SAT 2 haemagglutination is its unique dependence on magnesium ions; haemagglutination by animal viruses in general usually takes place in the absence of divalent cations, the single exception being rubella virus which is active only in the presence of calcium (Furukawa et al. 1967) . Furthermore, haemagglutination by type SAT 2 viruses is independent of temperature within the range 4 ° to 37 °C, whereas with the encephalomyocarditis viruses and human rhinoviruses maximum sensitivity is achieved in the cold (Craighead, I965; Stott & Killington, 1972) . Thirdly, as with ECHO viruses (Podoplekin, 1964) , the erythrocyte receptors for SAT 2 haemagglutinin are destroyed by incubation with trypsin but not with receptor destroying enzyme, whereas with human rhinoviruses and the encephalomyocarditis viruses the converse is true (Stott & Killington, 1972) . Finally, sheep erythrocytes are considerably more susceptible than guinea pig cells to agglutination by the encephalomyocarditis viruses (Hallauer, I952 ) and human rhinoviruses (Stott & Killington, i972 ) whereas under our conditions they fail to react with SAT 2 haemagglutinin.
The finding that type SAT 2 haemagglutinin activity is destroyed by trypsin is particularly interesting for it has been shown, with a strain of FMD virus, type O, that in addition to bringing about a reduction of infectivity the enzyme inactivates an antigenic site which carries neutralizing specificity (Wild, Burroughs & Brown, 1969; Brown & Smale, i97o; Rowlands, Sangar & Brown, 197i ) .
Further studies on the nature of the haemagglutinin and on the observed strain variation in haemagglutinin activity should contribute to a better understanding of the antigenic structure of type SAT 2 viruses.
